High thermomechanical loads in drilling of titanium alloys often cause significant alterations of the subsurface properties which are mostly connected to a degradation of the fatigue life of high dynamically loaded components. In the present study different drilling processes (conventional-, orbital-and vibration drilling), lubrication conditions (dry, MQL) and states of tool wear have been investigated regarding their influence on the subsurface properties of TiAl6V4. It was found that tensile residual stresses and increased hardness (result of severe plastic deformation) can be avoided if the process temperature and chip extraction are controlled.
Introduction and target of research
In this paper the influence of drilling processes on subsurface alterations of titanium alloys shall be discussed. Titanium alloys belong to the class of difficult to cut materials. Their poor thermal conductivity in combination with high temperature strength causes significant cutting temperatures in the local cutting zone as well as considerably high cutting forces. Especially in drilling operations the tendency to build long helical chips often causes chip accumulation in the drilling flutes followed by a further increase of the cutting temperature and damages of the borehole surface.
High thermomechanical loads during the machining processes of metallic material often comes along with subsurface material alterations. Under unsuitable cutting conditions the formation of nanocrystalline white layers has been observed [1, 2] . White layers are showing an increased hardness and very small grain sizes compared to the bulk material and are mostly associated with tensile residual stresses [3] . These properties have a negative impact on the fatigue performance of dynamically loaded components.
According to Griffiths [4] three possible mechanisms are responsible for the formation of white layers: a) phase transformation b) severe plastic deformation leading to a fine grain structure and c) chemical reactions with the environment. Herbert et al. examined the formation of white layers in nickel based superalloys and concluded that the phase of the material of the white layer is equal to the bulk material. Furthermore a 45% higher hardness compared to the bulk material and a significantly reduced grain size [5] was found. The small thickness of about 10 -20 µm makes measurements and validations difficult, leading to many different and contradicting conclusions appearing in the literature.
The majority of investigations have been performed in nickel based alloys and steel [5, 6] , whereas literature according to the formation of white layers in titanium alloys are only rare.
In the present study different drilling processes (conventional-, orbital-and vibration drilling), lubrication conditions (dry, MQL) and states of tool wear have been investigated regarding their influence on the subsurface properties of TiAl6V4. Many investigations were conducted considering different tool geometries, but very few conclusions can be found in literature taking into account the influence of progressively increased tool wear.
Experimental setup and procedure
Description regarding the chosen processes: In low frequency vibration assisted drilling (LFVAD) chip breakage is kinematically enforced by sinusoidal, axial oscillations of the drilling tool which leads to an improved chip extraction [7] . Orbital drilling corresponds to a milling process, whereby the tool enters the material on a helical path. The process is characterized by lower cutting forces and temperatures as well as good chip extraction [8] .
In order to visualize and measure the plastic deformation, an experimental setup, inspired by work of Tönshoff [9] , was developed which allows the visibility of plastic deformation within the material. Therefore two workpieces had been braced against each other by screws (Figure 1 , left). The contact surface of these workpieces have been ground in one defined direction. By drilling through both parts and disassembling them afterwards, it is possible to measure the deformed grinding marks in order to evaluate the plastic deformation. This measurement was performed on the basis of pictures, captured by a digital microscope Keyence VHX-S15. According to the schematic illustration in Figure 1 the deformation index χ was calculated using the shown formula. This allows defining a deformation index χ for each point on the grinding mark. Cutting temperatures have been measured with an infrared camera (Optris PI-400). Therefore all boreholes were drilled in a distance of 1 mm to the analyzed surface of the workpiece. This approach ensured comparability but measured the temperature close to the cutting zone and does not correspond to the exact temperature in the cutting zone. The surface was painted with varnish with a determined emissivity. The residual stresses have been measured in a depth of 8 mm with an X-ray diffractometer (XRD 3003). Therefore, the boreholes were sectioned by EDM in axial direction. This allowed a measurement of residual stresses in peripheral direction of the borehole, potentially responsible for crack formations. Residual stress depth profiles were gained after electrochemical polishing. The depth profile of hardness has been measured in a distance from 5 µm to 250 µm to the borehole surface using a test load of 5 mN (HV0,0005). For LFVAD and conventional drilling four different states of tool wear (stw) have been set by drilling CFRP (sharp tool to defined end of tool life with VB = 200 µm). In orbital drilling chipping of the cutting edges occurred, which did not allow a smooth state of tool wear. Therefore the states of tool wear have been defined over the amount of boreholes in CFRP. Detailed information about the tools and process parameters are given in Table 1 , Table 2 and  Table 3 . For all trials with lubrication, minimum quantity lubrication with fatty alcohol was applied. 
Results and discussion
Process temperatures are closely connected with the resulting plastic deformation of the marginal zone. This is due to the lower yield stress and therefore higher plastic deformation at high temperatures. It is evident that LFVAD lead to lower process temperatures compared to conventional drilling ( Figure 2 ). Dry drilling leads to higher process temperatures and it occurs a high variation of the measured values due to effects like irregular chip accumulation in the flutes and adhesions on the tool. Orbital drilling with a sharp tool lead to similar temperatures like LFVAD, even though the cutting speed in this process was higher (see Table 2 ). It is also noticeable that the cutting temperature nearly remains constant for orbital drilling at different states of tool wear. This is probably due to the much better chip removal and cooling conditions in orbital drilling. 
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In conventional drilling chip accumulation leads to a subsequent temperature increase in the marginal zone of the borehole (Figure 3 ). Due to friction of hot chips in the flutes, the marginal zone is then further heated. In Figure 3 the main cutting edges already passed the measurement point in both cases. In conventional drilling the friction of hot chips results in a significant temperature increase. This friction possibly leads to a further deformation of the subsurface layers when the cutting process is already finished. Additionally this effect results in a longer lasting temperature load on the workpiece. Figure 4 shows the deformation index in dependence of the distance to the bore surface. It illustrates the great influence of the state of tool wear and usage of lubrication on the plastic deformation of the subsurface layers. The usage of lubrication results in much lower deformation compared to the dry drilling process. Increasing tool wear in all cases results in significantly higher deformations and penetration depths. Noticeable is the clear difference between the deformations as a result of different kinematics (Figure 4, a) . LFVAD results in a lower deformation compared to conventional drilling. With an increase of the tool wear, the resulting deformation values become more and more similar (see Figure 4 , b). The deformed grinding marks in Figure 5 show in (a) and (b) complete measurable grinding marks. Orbital drilling (d) shows almost no plastic deformation, therefore it could not be measured in Figure 4 . In dry drilling operations the high thermal and mechanical load lead to a formation of areas without visible grinding marks ( Figure 5 Microsections of these layers at the very top of the surface reveal white areas with an appearance like white layers, as described in literature ( Figure 6 , a and b). However, when applying higher resolutions and filters in the microscope, it becomes clear that this layer is not homogeneous, but consists of many smaller layers ( Figure 6, c and d ). This suggests that these layers are based on strong plastic deformation and not on recrystallization. The mechanical load in combination with the decreased yield strength lead to a strong deformation and layering of the material in these areas. Regarding the hardness (Figure 7) , large scattering of the measured volumes, especially in areas with low deformation, was found. This might be a result of different material phases existing in TiAl6V4. In this context it should be noted that the values for conventional, dry drilling with a width of wear land of 200 µm show almost no fluctuation in the area of strongly deformed layers. In these areas the different material phases and grains are mixed up to strong deformed thin layers. Additionally, the values of microhardness in these areas are considerably higher, compared to the bulk material. This observation corresponds with observations regarding deformed "white layers" in materials like nickel-based alloys or steel, described in literature based references. 
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rat rat rat t rat rat at rat rat rat rat rat rat rat rat t t rat rat rat t rat t rat t rat rat t rat t t t at rat t a rat rat t at at at at a a ra ra a a a a ra a a a a a a a r r r r r r r e e e e e e e e e e e e e e e e e e e e e e e e e e e e χ χ χ χ χ χ χ χ χ χ χ χ χ χ The measurement of residual stresses (Figure 8 ) revealed strong tensile residual stresses in the subsurface layers for the dry drilling process with a high state of tool wear. Comparing the residual stresses resulting from conventional drilling and LFVAD it becomes clear that the higher and longer lasting temperature load in combination with a similar plastic deformation in conventional drilling lead to lower compressive stresses. Thus, the lower temperature in LFVAD leads to higher compressive stresses, desirable for a better dynamic strength. Orbital drilling shows a very small impact on the residual stresses corresponding to the small deformation. At a depth of just 30 µm there is almost no residual influence of the machining process and the residual stress state corresponds to the bulk material, which contained no significant residual stresses. 
Conclusions
In the present study, the impacts of different drilling kinematics on the subsurface layers of boreholes in TiAl6V4 were investigated for different cooling conditions and states of tool wear. It was found that an increased width of wear land has a great influence on the subsurface layers of the workpiece regarding significantly increased process temperatures and plastic deformations. LFVAD allows lower process temperatures and slightly lower plastic deformations than conventional drilling. As a consequence, the residual compressive stresses are higher, which leads to better resistance against crack formation and propagation under dynamic loads. Furthermore, the temperature load in conventional drilling lasts longer, due to chip accumulations in the flutes of the tool and, for this reason, additional friction and heat generation. In this context it should be investigated if this chip reaming is responsible for the formation of the strong deformed layers in dry drilling, described in the presented investigations. The strong deformation may result out of the high temperature and friction of hot chips subsequent to the cutting process itself. Depending on the state of tool wear, the process temperatures close to the cutting zone were determined between 300 °C and 750 °C for dry drilling. Strong deformed layers occurred irregularly at process temperatures above 400 °C. The irregular occurrence of these layers is probably connected with chip accumulations and therefore, varying friction and heat generation over the drilling depth. The appearance of these layers contradicts literature based references regarding white layers. This lead to the assumption that the formation is based on severe plastic deformation according to the revealed laminated structure of these layers. Therefore it remains the question in which cases the white layers, described in many references regarding nickel based alloys, show similar behavior. Based on the high hardness values of these layers it remains to be investigated if microhardness testing can be used as an indicator. This may allow a fast and less expensive possibility to identify negative impacts on the marginal zone, without the necessity of preparing microsections.
